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RUP BER TO MKT AT. BONDING BY SILANE COUPLING 

AGENTS 

Cross Reference to Related Application 
5 This application claims the benefit of prior filed copending U.S. 

Provisional Application No. 60/062,738 filed October 23, 1997. 

Eield of the Invention 
This invention relates to methods for adhering rubber to metal 

10 surfaces. 



Background of the Invention 
Reliable metal to rubber adhesion is required for many commercial 
and industrial parts. For example, rubber to metal adhesion is required in the 
15 automotive, medical, appliance and other industries where basic functions such as 
fluid control, energy conversion, sealing, vibration isolation and/or combinations of 
these functions are required. Additionally, tire to metal, metallic reinforcement of 
conveyor belts and hoses, and vibration dampening on motor and railroad mounts are 
further examples of industrial situations in which a variety of metals need to be 
20 adhesively bound to an associated rubber substrate. 

Fluorosilicone elastomers have become increasingly popular due to 
their excellent high and low temperature performance. These elastomers also 
demonstrate advantageous resistance to fuels, oils, chemicals etc. due to the presence 
of the trifluoropropyl moiety in their repeat unit formula 

I 

~(Si-0) n - 
I 

CH 2 -CF 3 
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The polysiloxanes are crosslinked via pendent vinyl moieties by curing with 
peroxides. Compounds of fluorosilicones are formulated with reinforcing silica, 
various processing aids and other additives. These elastomers are of special interest 
in the automotive industry where they can be used as conduits, valves or diaphragms 
5 and the like if properly adhesively bound to ancillary metal equipment. 

It has however been difficult to bond these surfaces to metals, 
especially in those instances in which the adhesively bound surfaces are subjected to 
fuels, oils and other organic solvents. 

Accordingly, it is an object of the present invention to provide 
10 methods for effectively adhesively bonding metal to rubber surfaces. It is an even 
more especially preferred object to provide a method for bonding fluorosilicone 
rubbers to a variety of metallurgies including, stainless steel, mild steel, brass, and 
aluminum. 

15 Summary of the Invention 

These and other objects are met by the instant invention. Effective 
adherence of rubber, especially flourosilicone rubbers, to a variety of metal surface 
has been shown by use of an adhesive treatment comprising (I) an organofunctional 
silane and (II) a non-organofunctional silane. 

20 The silanes (I) and (II) are partially hydrolyzed by addition thereof to 

an acidic aqueous or alcoholic medium. Solutions or dispersions of the silanes (I) 
and (II) are then applied to the requisite rubber or metal surface by dip coating, 
spraying, roller coating etc. After application of adhesive treatment to the surfaces, 
the surfaces may be blow dried or heated. 

25 Although emphasis has been placed on effective adhesive bonding of 

fluorosilicone rubbers to a variety of metal surfaces, the adhesive treatment may also 
be used in conjunction with other rubber types such as EPDM, fluorocarbon rubber, 
and vinyl methyl silicone rubber. Tested metals with which the adhesive treatment 
has demonstrated efficacy include brass, stainless and mild steel and aluminum. 
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The invention will now be more specifically described in the 
following detailed description. 

Detailed Description of the Preferred E mbodiment 
5 The adhesive treatment of the invention comprises use of an 

organofunctional silane (I) and a non-organofunctional silane (II). 

I. Organofunctional silane 

This is a substituted silane compound having at least one free 
10 organofunctional moiety attached to an Si atom wherein the organofunctional moiety 
is adapted to react with the rubber substrate. More preferably, the organofunctional 
moiety is attached to one end of the Si atom with the remaining Si valences bonded 
to groups selected from C,-C 6 alkoxy or acetoxy. More particularly, suitable 
organofunctional silane compounds can be represented by the formula 

OR, 
I 

15 R-Si-OR 2 FORMULA I 

I 

OR 3 

wherein R is chosen from amino, C r C 6 alkylamino, vinyl, ureido, ureido substituted 
C r C 6 alkyl, epoxy, epoxy substituted C r C 6 alkyl, mercapto, mercapto substituted 
C r C 6 alkyl, cyanato, cyanato subsituted C r C 6 alkyl, methacrylato, methacrylato 
substituted C r C 6 alkyl, and vinyl benzyl moieties. The most preferred R substituent 
20 is vinyl. R l5 R 2 , and R 3 are independently selected from C,-C 6 alkyl and acetyl 
groups. 

Exemplary organofunctional compounds include y - 
aminopropyltriethoxysilane (y-APS); y- mercaptopropyltrimethoxysilane (y-MPS); 
y-ureidopropyltrialkoxysilanes (y-UPS); y-glycidoxypropyltrimethoxysilane (y- 
25 GPS); and a host of vinyl silanes (wherein R is vinyl). Most preferred are 
vinytrimethoxysilane, vinyltriethoxysilane and vinyltriacetoxysilane with 
vinyltrimethoxysilane (VS) most preferred. 
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II. Non-Organofunctional Silane 

These are substituted silane compounds wherein one or a plurality of 
the Si valences are bonded to C r C 6 alkoxy and/or acetoxy groups. These may be 
5 represented by the formula II 



R< - Si - (R 6 ) m - (X) n 



Si - R 



R 7 



R 



1 0 



wherein m is 0 or 1 ; n is 0 or 1 ; and p is 0 or 1 ; with R4 selected from an aliphatic 
(saturated or unsaturated) group; aromatic group, or C r C 6 alkoxy or acetoxy; R 5 , R^, 

10 R 7 , R 8 , R^ and R 10 may be the same or different and are chosen from C r C 6 alkoxy, 
H, or acetoxy; X, when present, is alkylene, alkenylene, phenylene or amino. 

Exemplary non-organofunctional silanes include 
methyltrimethoxysilane (MS); propyltrimethoxysilane (PS); 1, 2 bis (triethoxysilyl) 
ethane (BTSE); bis (methyl diethoxysilyl) ethane (BDMSE); 1, 2-bis 

15 (trimethoxysilyl) ethane (TMSE); 1, 6 - bis (trialkoxysilyl) hexanes; 1 , 2 - bis - 

(triethoxysilyl) ethene; and 1, 2 - bis - (trimethoxysilylpropyl) amine. Preferred are 
BTSE and BDMSE with BTSE most preferred. 

The organofunctional silanes (I) and the non-organofunctional silanes 
(II) are both partially hydrolyzed by addition thereto into an aqueous/alcoholic 

20 solution including preferably a 40/60 vol% mix of ethanol/water. The silanes are 
added in an amount by volume of 0.5-10% based on the volume of the 
aqueous/alcoholic solution. Preferably, the silanes are present in an amount by 
volume of from about 1-5 vol%. Optimal adhesion has been shown when the pH of 
the solution is adjusted to between about 1-7. Most preferred is a pH of about 4. 

25 The hydrolyzation of the silanes I and II is dependent on the pH of the 

solution. For example, acetic acid, oxalic acid and phosphoric acid may be 



:<WO. 



.9920705A1J > 



WO 99/20705 



PCT7US98/22576 



-5- 

mentioned as exemplary pH adjustment agents. Based on presently available data, it 
is preferred to use acetic acid as the pH adjustment agent. 

Preliminary results indicate that the solution should be an 
ethanol/water solution with a 40/60 ethanol:water volumetric ratio being presently 
5 preferred. 

The intended interfacial surfaces of the metal to rubber parts are 
contacted by the silanes (I) and (II) by dipping, spraying, painting etc. The following 
procedures were tried and found effective: 

(1) blow drying - the metal parts are dipped in the silane solution for 
10 at least 30s and then are blown dry by filtered air; 

(2) air drying - the metal parts are dipped into the silane solution for at 
least 30s and are allowed to dry for at least 30min in the air; 

(3) prebaking - the metal parts are dipped into the silane solution for 
at least 30s and then dried in an air circulated oven for 20min at 120°C; 

15 (4) spraying - the silane solution was sprayed on the metal parts and 

the parts were blown dry by filtered air; and 

(5) preheated spraying - the silane solution was sprayed onto the metal 
parts which were then preheated in an air circulated oven for 20min and then blown 
dry by filtered air. In those situations in which brass metallurgy is to be adhesively 

20 bound to desired rubber, the blow drying and spraying techniques appear optimal. 

When brass and fluorosilicone substrates are to be bonded, a mixture 
of VS and BTSE should be used in a single layer approach. A mixture of 3% VS and 
2% BTSE in EtOH/H 2 0 appears optimal in this situation. 

Surprisingly it was found that a two step or two layer coating system 

25 appeared optimal for Al, SS and MS metals. That is, a first layer of non- 
organofunctional silane (II) is applied to the metal surface. Then, the 
organofunctional silane (I) is applied over the first layer as a second layer. This 
second layer consisting of the organofunctional silane (I) is placed adjacent the 
rubber surface for effective bonding. Of course the second layer could be placed 
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over the rubber substrate with the metal and rubber surfaces then placed together and 
pressed to effect bonding. 

Although applicants are not to be bound by any particular theory of 
operation, it is thought that the available organofunctional moiety on the silane 
5 effectively cross links with the rubber, probably to diene functions along the rubber 
macromolecule. 

Based upon presently available data, the two step approach is 
preferred for Al, SS, and MS - rubber adhesion. The first layer solution should be 
1% BTSE at pH 4 with the second layer solution being a VS 5% solution at pH 4. 
10 For brass, a single layer mixture of VS and BTSE is presently preferred. Both the 
VS and BTSE are commercially available from Witco's Organosilicone group in 
Tarrytown, New York. 

Although the present research indicates that the adhesive treatments of 
the present invention are effective for peroxide cured rubbers, it is thought that the 
15 invention shall also function for other curing systems such as nitro, quinone, azo, S, 
Se, bisphenol, diamine, Pt and Te curing systems. 

Additional research has also shown that sandwiches of silicon wafers 
and siloxane rubber can be joined with the two step process and that these joints can 
successfully withstand etching with a 50% KOH solution at 80°C. 

20 

Examples 

In order to assess the efficacy of the silane adhesive treatments of the 
present invention in bonding metal to rubber surfaces, a series of tests were 
performed with test specimens as set forth in the ISO 5600 standard test except that 
25 the actual dimensions of the parts were slightly modified in order to make the tests 
more economical. 

In accordance with the ISO 5600 procedure, the test piece is 
composed of two conical ends of a rigid material (or here, metal), joined by a 
cylinder of rubber. The rigid material comprises a pair of metal insert parts: each 
30 containing a conical end and an oposed cylindrical end. The diameter of the 
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cylindrical ends is 12.5 mm, while the half angle of the conical vertex is 45°. The 
two conical ends of the inserts are spaced apart from each other with the cylindrical 
rubber material provided, at its opposed longitudinal ends, with "V" shaped 
concavitities; each adapted to mate with a conical end of one of the rigid inserts. The 
5 insert-rubber-insert combination is aligned so that a space of about 6 mm separates 
the tip end of one conical insert from the tip end of the other. 

The test adhesives are applied along the interfacial surfaces of each of 
the "V" shaped concavities of the rubber material and the conical ends of the inserts. 
The so formed test rubber pieces are vulcanized in a suitable transfer mould for 6 
10 minutes at 1 70°C under a clamp pressure of 60 bar. The test pieces were then 
postcured for 7h at 200°C. 

The alloys used in the studies were as follows: 



Tested metal alloys 



Metal Code 


Metal 


Alloy 


Pre-treatment 


SS 


Stainless Steel 


X12CrMoS17 (AISI430F) 


alkaline 


MS 


Mild Steel 


9SMn36 


de greased 


AL 


Aluminium 


AlSiMgl 


alkaline 


Br 


Brass 


CuZn39Pb3 


acidic 



15 The above Table also shows the metal pre-treatments used in this research. The 

aluminum and stainless steel parts were cleaned ultrasonically in a Sonotron-solution 
of 5% in distilled water (pHl 0) for 1 0 minutes at 50°C. Sonotron is a commerical 
alkaline cleaner obtained from Rogier Bosman Chemie B.V. (The Netherlands). 
Afterwards the samples were rinsed thoroughly with distilled water and immediately 

20 dipped in the silane solution. The brass parts were cleaned ultrasonically in a 
Deoxidine-solution of 5% in distilled water (pHl) for 10 minutes at room 
temperature. Deoxidine is a commercial acidic cleaner obtained from Mavom B.V. 
(The Netherlands). This was found to be the best pre-treatment procedure for brass. 
Afterwards the samples were thoroughly rinsed with distilled water and immediately 

25 dipped in the silane solution. Finally the mild steel parts were ultrasonically 

degreased in a 50/50% mixture of acetone and ethanol, rinsed in ethanol and dipped 
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into the silane solution. Cleaning with the commercial aqueous systems caused 
immediately corrosion of the mild steel parts. 

After cleaning, the metal parts were dipped for at least 30s in the 
silane coupling agent solutions and blown dry by air. In some experiments the metal 

5 parts were dipped in a second solution for at least 30s, immediately after drying, and 
blown dry by air. In other experiments the parts were dried in an oven for 20min at 
120°C or just air dried. Further in some cases sodium silicate (10% solution; Fisher 
Chemicals (USA)) was applied followed by dipping in a silane solution. 

Adhesive efficacy was tested by an Instron tensometer at a constant 

10 crosshead speed of 2 inch/min. The maximum force [N] for failure of the test parts 
and the rubber retention [%R] — (100% rubber retention means complete failure of 
the test parts in the rubber phase) were measured and recorded. Reported results use 
the average of three tests. 

Prior to testing of the bond strength at least 16h conditioning at room 

15 temperature was allowed. Three tests parts of every four runs were used for initial 
tests and six parts for the aging tests. The tests were carried out as described above. 

In some cases, the test parts were "aged." For these studies, test parts 
were immersed in a mixture of 85% ASTM reference fuel C, a 50/50% blend of 
toluene and isooctane, and 1 5% methanol. Addition of 1 5-25% of methanol is 

20 known to cause the highest property loss and volume swell for fluorosilicone parts. 
The fuel tests were carried out with stainless steel chambers which were filled with 
the fuel mixture and sealed off with a Viton® O-ring. The chambers were put in an 
oven for 70h at 60°C. After 70h the stainless steel chambers were taken out off the 
oven and some test parts were allowed to cool down to reach room temperature, still 

25 soaked in the fuel. After this cool down period, the test pieces were taken out of the 
fuel, dried with a tissue and immediately tested to avoid evaporation of the fuel. 
Other parts, after the fuel soak, were put in an oven for 24h at 100°C to evaporate the 
fuel and tested. 

30 Results 
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1 .0 Effect of silane coupling agents on bonding strength 

Tables 1 and 2 show the effect of various silanes by themselves on the adhesion 
strength for aluminum and brass. As references the cleaned metal parts (no adhesive 
layer) and sodium silicate were used. 

Table 1 : Silane coupling agents for bonding of fluorosilicone rubber to aluminum 
(parts dipped in solution in 40% ethanol/60% water mixture (only MS and PS 
applied in 80% ethanol/20% water mixture) of 5 vol% at pH4) 



Type of silane 


Maximum Force [N] 


Rubber Retention [%R] 


none 


40 


0 


Sodium Silicate 


99 


0 


MS 


26 


0 


VS 


295 


100 


BTSE 


308 


100 


BDMSE 


216 


65 


PS 


168 


50 



10 

Table 2: Silane coupling agents for bonding of fluorosilicone rubber to brass (parts 
dipped in solution of 5 vol% in 40% ethanol/water mixture at pH4) 



Type of silane 


Maximum Force [N] 


Rubber Retention [%R] 


none 


47 


0 


Sodium Silicate 


55 


0 


MS 


76 


0 


VS 


281 


100 


BTSE 


214 


25 


BDMSE 


230 


55 



MS = methyltrimethoxysilane 
VS = vinyltrimethoxysilane 



15 BTSE = 1 , 2 bis (triethoxysilyl) ethane 

BDMSE = Bis (methyldiethoxysilyl) ethane 
PS = n-propyltrimethoxysilane 



BNSDOCID: <WO 9920705A1 _l_> 



WO 99/20705 



PCT/US98/22576 



-10- 

From Tables 1 and 2 it is clear that silane coupling agents by 
themselves are useful for bonding of fluorosilicone rubber to metals. 

A sodium silicate-layer does not have any organofunctionality. 
Therefore during the vulcanization of rubber no bonds can be formed across the 
5 silicate-rubber interface. This co-vulcanization did not take place when 

methyltriethoxysilane was used. Vinyl moieties are known for their reactivity during 
vulcanization and therefore the adhesion improved radically when 
vinyltrimethoxysilane was used. 

Further it was surprising that BTSE, BDMSE and n- 
10 propyltrimethoxysilane, known as non-functional silanes, were able, to a certain 
extent, to bond fluorosilicone rubber to metals. 

2.0 Adhesion using mixed silane coupling agents 

The adhesive efficacy of mixtures of VS and BTSE was assessed 
15 along with mixtures of PS and MS with VS. 

Table 3 shows the results of different mixtures of VS and BTSE on 
the adhesion of fluorosilicone rubber to brass. 

Table 3: Influence of the ratio of VS and BTSE on the adhesion of metals to 
20 fluorosilicone with a mixture of VS and BTSE (solution in 40% ethanol/water 



mixture with pH4; VS and BTSE were added in the given vol%) 



Mixture VS+BTSE 


Aluminum 


Stainless Steel 


Mild Steel 


5% + 0% a 


295 b 


100° 


289 


100 


305 


100 


3% + 2% 


296 


100 


286 


100 


291 


100 


5% + 1% 


303 


100 


293 


85 


303 


100 


5% + 2% 


301 


100 


285 


95 


307 


100 


5% + 5% 


286 


95 


291 


95 


306 


100 


0% + 5% 


308 


100 


285 


100 


297 


100 



a VS [vol%] + BTSE [vol%] 
b Maximum Force [N] 
0 Rubber Retention [%R] 



25 
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Table 4: Mixtures of MS and PS with VS (solution in 40% ethanol/water mixture 
wiht pH4) for aluminum - FVMQ adhesion 



Silane mixture 


Initial 


Fuel 


Dry-Out 


3%VS + 2%PS 


282 a 


100 b 


114 


95 


294 


95 


3%VS + 2%MS 


298 


100 


115 


100 


302 


100 



3 Maximum Force [N] 
b Rubber Retention [%R] 



5 

These results demonstrate that by adding VS, interfacial bonds are formed during the 

vulcanization of the rubber. 

FVMQ = fluorinated, vinyl methyl silicone rubber 

10 3.0 Two Step Process 

Not always a nice homogeneously layer is obtained when a silane is 
applied to a substrate. Surface wetting and chemistry can lead to deficiencies in the 
silane layer and disorientation of the silane at the substrate interface. This 
phenomena has been demonstrated for y-aminopropylsilane. The amino group could 

15 be oriented towards the substrate or from the substrate depending on the pH. 

Therefore it could be beneficial to apply first a layer of a silane which shows strong 
interaction with the substrate forming thus a homogeneous and a dense layer on the 
substrate followed by applying a silane which adheres very well to the first silane 
layer and which will be oriented in the right direction. In this way good adhesion can 

20 be obtained between two substrates. 

Bis-(trimethoxysilyl)ethane has twice as many silanol groups as other 
commonly used silanes. BTSE has six silanol groups when it is completely 
hydrolyzed and more common silanes have three silanol groups. Therefore BTSE 
should react readily with the hydroxyl groups on the metal surface forming a 

25 homogeneously and dense layer. 

In these experiments a variety of two layer systems was compared. 
The performance of BTSE as first layer was compared with BDMSE which has only 
four silanol groups when it is completely hydrolyzed, and with sodium silicate. 
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Concentration and pH were varied. In all cases vinyltrimethoxysilane was applied as 
second layer at a concentration of 1% or 5% with pH4. 



Table 5: Fluorosilicone elastomer bonded to aluminum with a variety of two step 
5 processes 



Two Ster ocess 


Maximum Force [N] 


Rubber Retention [%R] 


BTSE (1 H4 + VS (5%) pH4 


294 a 


100 b 


BTSE (IV pH7 + VS (1%) pH4 


231 


40 


BTSE (1%) pH7 + VS (5%) pH4 


276 


95 


BTSE (5%) pH4 + VS (5%) pH4 


282 


95 


BTSE (5%) pH5 + VS (5%) pH4 


294 


100 


BTSE (5%) pH6 + VS (5%) pH4 


294 


100 


BTSE (5%) pH7 + VS (5%) pH4 


280 


100 


BTSE (5%) pH7 + VS (1%) pH4 


279 


100 


BDMSE (5%) pH4 + VS (5%) pH4 


314 


100 


Silicate (10%) pHl 1 + VS (5%) pH4 


308 


100 



a Maximum Force [N] 
b Rubber Retention [%R] 



10 For aluminum all two step processes gave 100% rubber retention (Table 5) except 
the two layer system of BTSE (1%) pH7 and VS (1%) pH4. 

The results in Table 6 show that for the majority of the two step 
processes 100% rubber retention can be obtained for stainless steel. Only applying 
BTSE from a 5% solution with pH7 decreases the adhesion. 

15 

Table 6: Fluorosilicone elastomer bonded to stainless steel with a variety of two step 
processes. 
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l wo otep process 


Maximum Force [N] 


Rubber Retention [%R] 


DTCU (\ 0/ \ ~T T /i i \;c /CO/ \ _Ifi4 

t>lMi tiro) pH4 + VS (5%) pH4 


294 


100 b 


r> 1 or, (I /oj pM/ + Vb (1%) pH4 


294 


100 


B I bb (1 %) pH7 + VS (5%) pH4 


288 


100 


BTSE f5%^ dH4 + VS nH4 


901 


1UU 


BTSE (5%) pH5 + VS (5%) pH4 


284 


95 


BTSE (5%) pH6 + VS (5%) pH4 


291 


95 


BTSE (5%) pH7 + VS (5%) pH4 


216 


15 


BTSE (5%) pH7 + VS (1%) pH4 


162 


15 


BDMSE (5%) pH4 + VS (5%) pH4 


327 


100 


Silicate (10%) pHl 1 + VS (5%) pH4 


298 


80 



a Maximum Force [N] 



b Rubber Retention [%R] 

5 Table 7: Fluorosilicone elastomer bonded to mild steel with a variety of two step 
processes 



Two Step Process 


Maximum Force [N] 


Rubber Retention [%R] 


BTSE (1%) pH4 + VS (5%) pH4 


303 a 


100 b 


BTSE (1%) pH7 + VS (1%) pH4 


291 


75 


BTSE (1%) pH7 + VS (5%) pH4 


295 


100 


BTSE (5%) pH4 + VS (5%) pH4 


283 


95 


BTSE (5%) pH5 + VS (5%) pH4 


296 


100 


BTSE (5%) pH6 + VS (5%) pH4 


271 


55 


BTSE (5%) pH7 + VS (5%) pH4 


282 


75 


BTSE (5%) pH7 + VS (1%) pH4 


228 


45 


BDMSE (5%) pH4 + VS (5%) pH4 


254 


25 


Silicate (10%) pHl 1 + VS (5%) pH4 


232 


15 



a Maximum Force [N] 
b Rubber Retention [%R] 



10 

For brass 100% rubber retention was only obtained with BTSE (5%) pH4 and VS 
(5%) pH4 (Table 8). Brass surfaces look to be very sensitive to applying conditions 
and the solutions have to be fine tuned. 
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Table 8: Fluorosilicone elastomer bonded to brass with a variety of two step 
processes 



Two Step Process 


Maximum Force [N] 


Rubber Retention [%R] 


BTSE (1%) pH4 + VS (5%) pH4 


234 a 


30 b 


BTSE (1%) pH7 + VS (1%) pH4 


266 


65 


BTSE (1%) pH7 + VS (5%) pH4 


241 


40 


BTSE (5%) pH4 + VS (5%) pH4 


287 


100 


BTSE (5%) pH5 + VS (5%) pH4 


247 


65 


BTSE (5%) pH6 + VS (5%) pH4 


119 


20 


BTSE (5%) pH7 + VS (5%) pH4 


262 


70 


BTSE (5%) pH7 + VS (1%) pH4 


197 


20 


BDMSE (5%) pH4 + VS (5%) pH4 


242 


15 


Silicate (10%) pHl 1 + VS (5%) pH4 


211 


15 



5 a Maximum Force [N] 
b Rubber Retention [%R] 



4.0 Aging Tests 

It is important that the adhesive agents should endure a 70h test in a 
10 mixture of 85% ASTM reference fuel C, a 50/50% blend of toluene and isooctane, 
and 15% methanol. Not only the rubber will be affected by the fuel mixture but also 
the silane coupling agent layer and the interfaces. The stress at those interfaces and 
in the silane layer will be increased during swelling of the elastomer. The resistance 
of the layer against the fuel will be determined by the layer thickness, the (crosslink) 
15 density of the layer, the interactions between the silane and the metal substrate on 
one side and the interaction of the silane with the elastomer on the other side. 

A possible loss in adhesion will maybe not be observed after 
immersion of the test parts in the fuel. The rubber is then completely swollen and the 
strength of the rubber is decreased. However, after dry out and evaporation of the 
20 solvents the rubber will regain its strength back and a possible loss in adhesion will 
be observed. In tests involving aluminum to FVMQ, after fuel swell and after dry 
out 100% rubber retention is obtained. The adhesion is not affected by the aging test. 
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The rubber strength is affected as can be seen from the decrease (two thirds) of the 
maximum force for failure after immersion in the fuel. After dry-out, the rubber 
regained its strength back and the maximum force is close to the initial force for 
failure. 

5 1 00% rubber retention is obtained initially and after fuel swell for 

adhesion of brass to FVMQ using a two step process of BTSE (5% at pH4) and VS 
(5% at pH4). However, after dry-out a substantial decreased is observed in rubber 
retention suggesting that the adhesion is affected by the fuel immersion and the dry- 
out process. 

10 In Tables 9-12 the results are given for the adhesion of the four tested 

metals to FVMQ using a variety of silane treatments. With aluminum the best 
results were obtained and for almost all silane treatments 100% rubber retention was 
obtained after aging. 

Table 9: Adhesion properties after aging test for aluminum bonded to FVMQ 



Type of Silane Layer 


Initial 


Fuel Test 


Dry-Out Test 


VS (1%) P H4 


277 a 


100 b 


99 


100 


289 


95 


VS (5%) pH4 


295 


100 


96 


100 


284 


90 


BTSE (5%) pH4 


308 


100 


92 


100 


268 


100 


Mixture VS+BTSE (3%+2%) pH4 


296 


100 


99 


100 


285 


100 


BTSE (1%) pH4 + VS (5%) pH4 


294 


100 


99 


100 


275 


100 


BTSE (1%) pH7 + VS (1%) pH4 


231 


40 


96 


100 


267 


70 


BTSE (1%) pH7 + VS (5%) pH4 


276 


95 


98 


100 


289 


100 


BTSE (5%) pH4 + VS (5%) pH4 


282 


95 


94 


100 


270 


100 


BTSE (5%) pH7 + VS (1%) pH4 


279 


100 


99 


100 


291 


100 


BTSE (5%) pH7 + VS (5%) pH4 


280 


100 


96 


100 


287 


85 


BDMSE (5%) pH4 + VS (5%) pH4 


314 


100 


99 


100 


282 


100 


Silicate (10%) pHl 1 + VS (5%) pH4 


308 


100 


98 


100 


279 


90 



Maximum Force [N] 
b Rubber Retention [%R] 



Initial results were for stainless steel also good for a variety of silane 
20 treatments. However, after fuel immersion and dry-out adhesion dropped for a 
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number of treatments suggesting that the adhesion with these silane treatments was 
affected by the fuel aging. For three two step processes 100% rubber retention was 
obtained: 

■ BTSE (1%) pH4 + VS (5%) pH4 
5 ■ BTSE(l%)pH7 + VS(5%)pH4 

■ BDMSE (5%) pH4 + VS (5%) pH4 



Table 10: Adhesion properties after aging test for stainless steel bonded to FVMQ 



Type of Silane Layer 


Initial 


Fuel Test 


Dry-Out Test 


VS(l%)pH4 


285 a 


95 b 


69 


25 


154 


0 


VS (5%)pH4 


289 


100 


102 


100 


241 


75 


BTSE (5%) P H4 


285 


100 


68 


40 


199 


5 


Mixture VS+BTSE (3%+2%) pH4 


286 


100 


100 


75 


237 


75 


BTSE (1%) pH4 + VS (5%) pH4 


294 


100 


98 


100 


285 


100 


BTSE (1%) pH7 + VS (1%) pH4 


294 


100 


101 


100 


240 


60 


BTSE (1%) pH7 + VS (5%) pH4 


288 


100 


103 


100 


271 


95 


BTSE (5%) pH4 + VS (5%) pH4 


291 


100 


91 


80 


223 


45 


BTSE (5%) pH7 + VS (1%) pH4 


162 


15 


52 


75 


125 


0 


BTSE (5%) pH7 + VS (5%) pH4 


216 


15 


99 


75 


186 


20 


BDMSE (5%) pH4 + VS (5%) pH4 


327 


100 


100 


100 


277 


100 


Silicate (10%) pHl 1 + VS (5%) pH4 


298 


80 


96 


100 


270 


80 



10 a Maximum Force [N] 
b Rubber Retention [%R] 



In case of mild steel applying first a silane of BTSE from a 1% 
solution followed by a vinylsilane layer from a 5% solution resulted in 100% rubber 
15 retention. However, with the one step processes of only vinylsilane and a mixture of 
VS and BTSE also good results were obtained. 

Table 1 1 : Adhesion properties after aging test for mild steel bonded to FVMQ 
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Type of Silane Layer 


Initial 


Fuel Test 


Dry-Out Test 


VS(l%)pH4 


ZJ / 


U 


7*7 


1 < 
JD 


loo 


0 


VS (5%) pH4 




i nn 


QO 

yo 


IUU 


272 


100 


BTSE (5%) pH4 


/ 


IUU 


yo 


1 AA 
IUU 


219 


10 


Mixture VS+BTSE (3%+2%) pH4 




IUU 


97 


100 


274 


85 


BTSE (1%) pH4 + VS (5%) pH4 


303 


100 


98 


100 

1 \J\J 




1 uu 


BTSE (1%) pH7 + VS (1%) pH4 


291 


75 


96 


100 


238 


40 


BTSE (1%) pH7 + VS (5%) pH4 


295 


100 


98 


100 


274 


90 


BTSE (5%) pH4 + VS (5%) pH4 


283 


95 


96 


65 


249 


65 


BTSE (5%) pH7 + VS (1%) pH4 


228 


45 


92 


75 


210 


5 


BTSE (5%) pH7 + VS (5%) pH4 


282 


75 


100 


100 


228 


30 


BDMSE (5%) pH4 + VS (5%) pH4 


254 


25 


93 


65 


253 


35 


Silicate (10%) pHl 1 + VS (5%) pH4 


232 


15 


99 


75 


210 


15 



a Maximum Force [N] 



b Rubber Retention [%R] 

5 Aluminum is very easy to bond to FVMQ using silanes. Brass is 

most difficult to bond to FVMQ. Best results were obtained for a mixture of 3% VS 
and 2% BTSE. Similar results were obtained with these solutions. With only 
vinylsilane also reasonable adhesion was obtained. 



10 Table 12: Adhesion properties after aging test for brass bonded to FVMQ 



Type of Silane Layer 


Initial 


Fuel Test 


Dry-Out Test 


VS(l%)pH4 


283 a 


90 b 


94 


100 


222 


5 


VS (5%)pH4 


281 


100 


96 


100 


272 


65 


BTSE (5%) pH4 


214 


25 


89 


90 


200 


35 


Mixture VS+BTSE (3%+2%) pH4 


308 


95 


90 


100 


269 


90 


BTSE (1%) pH4 + VS (5%) pH4 


234 


30 


99 


100 


199 


20 


BTSE (1%) P H7 + VS (1%) pH4 


266 


65 


93 


100 


207 


15 


BTSE (1%) pH7 + VS (5%) pH4 


241 


40 


92 


100 


227 


25 


BTSE (5%) pH4 + VS (5%) pH4 


287 


100 


89 


100 


197 


40 


BTSE (5%) pH7 + VS (1%) pH4 


197 


20 


78 


75 


115 


0 


BTSE (5%) pH7 + VS (5%) pH4 


262 


70 


88 


95 


197 


15 
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BDMSE (5%) pH4 + VS (5%) pH4 


242 


15 


84 


65 


230 


15 


Silicate (10%) pHl 1 + VS (5%) pH4 


211 


15 


85 


55 


193 


10 



a Maximum Force [N] 



b Rubber Retention [%R] 

0 Only the fuel test results of the 3 :2 mixture is listed in this table. 

5 Generally the following can be concluded from the aging test results: 

■ Aluminum is easy to bond and the formed bond is not sensitive to a fuel 
environment. 

■ Brass is more difficult to bond and best results were obtained with a mixture of 
VS and BTSE 

10 ■ For stainless Steel and mild Steel with one specific two step process (BTSE-1% 
(pH4) and VS-5% (pH4)) 100% rubber retention was obtained. 

■ If one has to select a general silane treatment for aluminum, stainless steel and 
mild steel the two step process of BTSE-1% (pH4) and VS-5% (pH4) would be 
the best process. 

15 ■ Immersion in fuel decreases the maximum force for failure at 100% rubber 
retention with two third. 

■ After dry-out the maximum force for failure is comparable with the initially 
measured force. Some silane layers in combination with a type of metal are very 
sensitive to this aging test. This is probably due to differences in silane layer 

20 thickness, the (crosslink) density of the layer, the interactions between the silane 
and the metal substrate on one side and the interaction of the silane with the 
elastomer on the other side. On aluminum a nice homogeneous and dense layer 
with good interactions with the metal surface can be easily obtained. 

25 5.0 Adhesive tests with other elastomers 

Several silane solutions were also evaluated on the ability to adhere 
other elastomer types to stainless steel and aluminum: 

■ EPDM: Ethylene Propylene Diene Rubber 

■ VMQ: Vinyl Methyl Silicone Rubber 
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■ FKM: Fluorocarbon Rubber } 
Molding of the rubber-metal test parts 

The rubber-metal test parts were prepared by hot transfer molding at a vulcanization 
5 temperature of 1 70°C for the silicone compounds. The EPDM and FKM compounds 
were molded at a temperature of 1 85°C. For all compounds the vulcanization time 
was set at 6min and the ram pressure was 60bars. After molding the test pieces were 
post cured for variable amounts of time depending on the elastomer type to stabilize 
final properties and to remove volatile peroxide decomposition products: 
10 ■ Silicone test parts 4h @ 200°C 

■ Fluorocarbon test parts 7h @ 230°C 

■ EPDM test parts no post cure 

Aging tests Fluorocarbon test parts 
15 The same procedure was followed as described for the fluorosilicone parts. Only the 
parts were soaked in Fuel C without addition of methanol and the aging temperature 
was 70°C instead of 60°C. 

Durability tests EPDM test parts 

20 Some EPDM test parts were immersed in a 50/50% ethylene glycol and distilled 

water mixture. This system was heated to 135°C under an over-pressure of 2.5 bar in 
an autoclave. The test pieces were subjected to this environment for 22h. The parts 
were cooled to room temperature and tested as described above. Other test parts 
were subjected to either a solution of 50mM citric acid (pH3) or a 3%-NaOH 

25 solution for 22h at refluxing temperature. 

Durability tests silicone test parts 

The same procedure was followed as described for the EPDM parts. Only the parts 
were immersed in distilled water. 
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Results and Discussion 

Table 1 3 shows the results when EPDM is adhered to stainless steel and aluminum 
using silane coupling agents. The performance of only VS, a mixture of VS and 
BTSE and the two step process using first a layer of BTSE either applied from a 1% 

5 or a 5% solution were compared before and after an autoclave test. For stainless 
steel all the tested silane systems were giving about 100% rubber retention before 
and after autoclave testing. For aluminum the two step processes showed initially 
100% rubber retention but after autoclave there is hardly any difference between the 
systems (about 70% rubber retention). The aluminum looked affected by the 

10 water/glycol environment. This environment is slightly acidic (pH5) and the 
aluminum parts are possibly affected by this environment. 

Table 13: Adhesion of EPDM to stainless steel and aluminum using silane coupling 
agents 



Metal 


VS (5%) 


BTSE(1%) + VS (5%) 


BTSE (5%) + VS (5%) 


Mixture VS + 
BTSE (3% + 2%) 


Stainless Steel 
(before autoclave) 


560 a 


100 b 


569 


100 


576 


100 


556 


100 


Stainless Steel 
(after autoclave) 


523 


95 


538 


100 


544 


100 


530 


90 


Aluminum 
(before autoclave) 


538 


70 


554 


100 


572 


100 


503 


75 


Aluminum (after 
autoclave) 


494 


70 


493 


75 


448 


60 


506 


75 



a Maximum Force [N] 
15 b Rubber Retention [%R] 



Table 14 gives results of durability tests in other environments. 
Especially the results in the 3%-NaOH solution are remarkable because this is a very 
severe environment. In the citric acid environment both the rubber and the stainless 
20 steel parts seemed attacked but the adhesion was unaffected (citric acid solution was 
colored black with the EPDM and the metal parts looked corroded). 
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Table 14: Durability of EPDM to stainless steel joints using a two step process 
(BTSE-1% (pH4) and VS-5% (pH4)) 



Test environment 3 


Maximum Force for failure [N] 


Rubber retention [%R] 


50 mM Citric acid (pH3) 


508 


100 


3%-NaOH 


505 


80 



a Tested for 22h at refluxing temperature ±(100°C) 



5 Two types of FKM compounds were tested. These compounds differ 

significantly in rheologic properties (see Table 15). With compound FKM-1 
problems arose with processing of the compound. Therefore mold filling was not 
optimal and adhesion was negatively influenced. Only 20% rubber retention was 
obtained. 

10 

Table 15: Adhesion of FKM to stainless steel using silane coupling agents 



Type of FKM 


VS (5%) 


BTSE (1%) + VS (5%) 


Mixture VS+BTSE (3% + 2%) 


FKM-1 (before fuel) 


340 a 


20 b 


332 


25 


396 


30 


FKM-2 (before fuel) 


360 


100 


286 


100 






FKM-2 (after fuel) 


246 


90 


307 


95 






FKM-2 (after dry-out) 


244 


100 


310 


95 







a Maximum Force [N] 
b Rubber Retention [%R] 



15 

Compound FKM-2 processed very well and good results were obtained with VS and 
the two layer system. Even after fuel soak and dry out 100% rubber retention was 
obtained. 



20 Table 16: Adhesion of VMQ to stainless steel using silane coupling agents 



Type of VMQ 


VS (5%) 


BTSE(1%) + VS (5%) 


Mixture VS+BTSE (3% + 
2%) 


VMQ-1 (before autoclave) 


179 a 


100 b 


178 


100 


182 


100 


VMQ-2 (before autoclave) 


248 


100 


239 


100 






VMQ-2 (after autoclave 


217 


100 


218 


100 
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a Maximum Force [N] 
b Rubber Retention [%R] 

Table 16 shows the results for the siloxane compounds. In case of 
5 VMQ-1 failure occurs for 100% in the bulk of the rubber. In case of VMQ-2 failure 
occurs not in the bulk of the rubber but in a layer very close to the silane layer. SEM 
photographs show the failure pattern for VMQ-2. It is clear that failure has occurred 
in the rubber phase. Closer observations of the failure surface showed only a few 
minor cracks in the rubber layer. EDX-analysis learned that the metal surface could 
10 be seen in these cracks but that the metal was covered with the silane coupling agent 
layer and probably also siloxane rubber. On basis of the SEM-analysis it was 
determined that failure took place for 100% in the rubber phase. 

6.0 Replacement of vinyltrimethoxy silane by vinyltriethoxysilane 

15 One disadvantage of vinyltrimethoxysilane is that in contact with 

water, methanol can be formed. When vinyltriethoxysilane would be used this 
problem would be solved. Table 17 shows the results of vinyltriethoxysilane. This 
silane needs more hydrolysis time and in the presolution about 60% ethanol is 
needed to solve the silane well in water. After hydrolysis the presolution can be 

20 adjusted to the desired concentration of silane and ethanol. 



Table 17: Adhesion of FVMQ to stainless steel and aluminum using 
vinyltriethoxysilane and BTSE (pH4) 



One or two step 


metal 


Initial 


Fuel 


Dry-Out 


VS-ethoxy 5% 


stainless steel 


261 75 










BTSE-1% + VS-ethoxy 


stainless steel 


241 : 50 


106 


85 


221 


45 


BTSE-1% + VS-ethoxy 


aluminum 


301 j 95 


114 


100 


288 


95 



25 a Maximum Force [N] 
b Rubber Retention [%R] 
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For aluminum 100% rubber retention is obtained with the two step 
process of vinyltriethoxysilane and BTSE, even after aging. With stainless the 
results are worse and only 45% rubber retention is obtained after aging. Maybe 
hydrolysis time and presolution composition have to be reconsidered (to complete 
5 hydrolysation). 

Preliminary data also suggests that silicon wafers and siloxane rubber 
can be bonded with the two step process [BTSE - 1% (pH 4) and VS - 5% (pH 4)] 
and that these joints can successfully withstand etching with a 50% - KOH solution 
at 80 °C. The adhesion of VMQ and FVMQ to silicon wafers has been preliminarily 

10 tested. Two types of silicon wafers were tested: 1) a silicon wafer with a silicon 

oxide surface and 2) a silicon wafer with a nitride coating. Wetting of the silanes on 
the nitride coating was poor. Adhesion of both wafers to VMQ and FVMQ using the 
two step process of BTSE - 1% (pH 4) and VS - 5% (pH 4) looked satisfactory. The 
adhesion also looked good after etching of the silicon with a 50% KOH solution at 

15 80 °C (the adhesion interface and the elastomer are exposed to this environment). 

While this invention has been described with respect to particular 
embodiments thereof, it is apparent that numerous other forms and modifications of 
this invention will be obvious to those skilled in the art. The appended claims and 
this invention generally should be construed to cover all such obvious forms and 

20 modifications which are within the true spirit and scope of the present invention. 
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1 . Method of adhering a metal substrate to a rubber substrate comprising 
contacting one of said substrates with an effective adhesive amount of an adhesive 
treatment comprising an organoftinctional silane (I) and a non-organofiinctional 
silane (II); said (I) and (II) being at least partially hydro lyzed, and placing said 

5 substrates together with said adhesive treatment interposed therebetween to effect 
said adhering. 

2. Method as recited in claim 1 wherein said organoftinctional silane (I) 
includes at least one free organoftinctional moiety attached to an Si atom, said 
organoftinctional moiety adapted to react with said rubber substrate. 

3. Method as recited in claim 2 wherein said organoftinctional silane (I) 
has the formula 

ORj 

I 

R-Si-OR 2 
I 

OR 3 

wherein R is a member selected from the group consisting of amino, C r C 6 
5 alkylamino, vinyl, ureido, ureido substituted C r C 6 alkyl, epoxy, epoxy substituted 
C r C 6 alkyl, mercapto, mercapto substituted C r C 6 alkyl, cyanato, cyanato subsituted 
C r C 6 alkyl, methacrylato, methacrylato substituted C r C 6 alkyl, and vinyl benzyl 
moieties; and Rj, R 2 , and R 3 are the same or different and are selected from C r C 6 
alkyl and acetyl groups. 

4. Method as recited in claim 3 wherein R is vinyl. 

5. Method as recited in claim 4 wherein R ls R 2 » and R 3 are each methyl. 

6. Method as recited in claim 4 wherein K u R 2 , and R 3 are each ethyl. 
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7. Method as recited in claim 1 wherein said non-organofunctional silane 

(II) comprises an Si compound wherein one or a plurality of the Si valences are 
bonded to C r C 6 alkoxy or acetoxy groups. 

8- Method as recited in claim 1 wherein said non-organofunctional silane 
(II) is represented by the formula 

I 

R 4 - Si - (R 6 ) m - (X) n - 
I 

wherein m is 0 or 1 ; n is 0 or 1 ; and p is 0 or 1 ; with R4 selected from an aliphatic 
5 (saturated or unsaturated) group; aromatic group, or C r C 6 alkoxy; R 5 , R 6 , R 7 , R 8 , R^ 
and R, 0 , may be the same or different and are chosen from C r C 6 alkoxy, H, or 
acetoxy; X is alkylene, alkenylene, phenylene or amino. 

9- Method as recited in claim 8 wherein said non-organofunctional silane 
is a member selected from the group consisting of methyltrimethoxysilane (MS); 
propyltrimethoxysilane (PS); 1, 2 bis (triethoxysilyl) ethane (BTSE); bis (methyl 
diethoxysilyl) ethane (BDMSE); 1, 2-bis (trimethoxysilyl) ethane (TMSE); 1,6-bis 

5 (trialkoxysilyl) hexanes and 1, 2-bis(trimethoxysilylpropyl) amine. 

10. Method as recited in claim 9 wherein said non-organofunctional silane 

is BTSE. 

1 1 ■ Method as recited in claim 9 wherein said non-organofunctional silane 

is BDMSE. 

12. Method as recited in claim 1 wherein said contacting comprises 

dipping one of said substrates in a solution containing said adhesive treatment. 



S i - R 
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13. Method as recited in claim 12 wherein said adhesive treatment is 
present in solution at a pH of about 1-7. 

14. Method as recited in claim 1 3 wherein said pH is about 4. 

1 5 . Method as recited in claim 1 2 wherein said adhesive treatment is 
present in said solution in an amount by volume of about 0.5 - 10%. 

16. Method as recited in claim 1 wherein said organofunctional silane (I) 
is a vinylsilane selected from the group consisting of vinyltrimethoxy silane, 
vinyltriethoxysilane and vinyltriacetoxysilane. 

1 7. Method as recited in claim 1 6 wherein said non-organofunctional 
silane (II) is selected from the group consisting of 1, 2 bis (triethoxysilyl) ethane 
(BTSE) and bis (methyl diethoxysilyl) ethane (BDMSE). 

18. Method as recited in claim 16 wherein said organofunctional silane (I) 
is vinyltrimethoxysilane (VS) and said non-organofunctional silane (II) is (BTSE). 

19. Method as recited in claim 16 wherein said contacting comprises 
coating said metal substrate with said non-organofunctional silane (II) and then 
providing a coating of said organofunctional silane (I) over said non- 
organofunctional silane (II) coating and wherein said step of placing comprises 

5 placing said rubber substrate along said coating formed by said organofunctional 
silane (I) so that said organofunctional silane can bond thereto. 

20. Method as recited in claim 19 wherein said non-organofunctional 
silane (II) is BTSE and wherein said organofunctional silane (I) is 
vinyltrimethoxysilane (VS). 
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21 . Method of adhering a metal substrate to a fluorosilicone rubber 
substrate comprising contacting one of said substrates with an effective adhesive 
amount of an adhesive treatment comprising an organofunctional silane (I) and a 
non-organofiinctional silane (II) and mixtures of (I) and (II); said adhesive compound 

5 being at least partially hydrolyzed, and placing said substrates together with said 
adhesive treatment interposed therebetween to effect said adhering. 

22. Method as recited in claim 21 wherein said organofunctional silane (I) 
includes at least one free organofunctional moiety attached to an Si atom, said 
organofunctional moiety adapted to react with said rubber substrate. 

23. Method as recited in claim 22 wherein said organofunctional silane (I) 
has the formula 

OR, 

I 

R-Si-OR 2 
I 

OR 3 

wherein R is a member selected from the group consisting of amino, C r C 6 
5 alkylamino, vinyl, ureido, ureido substituted C r C 6 alkyl, epoxy, epoxy substituted 
C r C 6 alkyl, mercapto, mercapto substituted C r C 6 alkyl, cyanato, cyanato subsituted 
C r C 6 alkyl, methacrylato, methacrylato substituted C r C 6 alkyl, and vinyl benzyl 
moieties; and R 1? R 2 , and R 3 are the same or different and are selected from C r C 6 
alkyl and acetyl groups. 

24. Method as recited in claim 23 wherein R is vinyl. 

25. Method as recited in claim 24 wherein R u R 2 , and R 3 are each methyl. 

26. Method as recited in claim 24 wherein R,, R 2 , and R 3 are each ethyl. 
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27. Method as recited in claim 21 wherein said non-organofunctional 
silane (II) comprises an Si compound wherein one or a plurality of the Si valences 
are bonded to C r C 6 alkoxy or acetoxy groups. 

28. Method as recited in claim 21 wherein said non-organofiinctional 
silane (II) is represented by the formula 

I 

R 4 - Si - (R 6 ) m - (X) n - 
I 

R, 

wherein m is 0 or 1 ; n is 0 or 1 ; and p is 0 or 1 ; with Rj selected from an aliphatic 
5 (saturated or unsaturated) group; aromatic group, or C r C 6 alkoxy; R 5 , R^, R 7 , R 8 , R^ 
and R 10 may be the same or different and are chosen from C r C 6 alkoxy, H, or 
acetoxy; X is alkylene, alkenylene, phenylene or amino. 

29. Method as recited in claim 28 wherein said non-organofunctional 
silane is a member selected from the group consisting of methyl trimethoxysilane 
(MS); propyltrimethoxysilane (PS); 1, 2 bis (triethoxysilyl) ethane (BTSE); bis 
(methyl diethoxysilyl) ethane (BDMSE); 1, 2-bis (trimethoxysilyl) ethane (TMSE); 

5 1 , 6 - bis (trialkoxysilyl) hexanes and 1 , 2 - bis (trimethoxysilylpropyl) amine. 



30. Method as recited in claim 29 wherein said non-organofunctional 
silane is BTSE. 

3 1 . Method as recited in claim 29 wherein said non-organofunctional 
silane is BDMSE. 

32. Method as recited in claim 2 1 wherein said contacting comprises 



dipping one of said substrates in a solution containing said adhesive treatment. 



R 8 

I 

Si - R 
I 

R 10 



. n 
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33. Method as recited in claim 32 wherein said adhesive treatment is 
present in solution at a pH of about 1-7. 

34. Method as recited in claim 33 wherein said pH is about 4. 

35. Method as recited in claim 32 wherien said adhesive treatment is 
present in said solution in an amount by volume of about 0.5 - 10%. 

36. Method as recited in claim 21 wherein said organofunctional silane (I) 
is a vinylsilane selected from the group consisting of vinyltrimethoxysilane, 
vinyltriethoxysilane and vinyltriacetoxysilane. 

37. Method as recited in claim 36 wherein said non-organofunctional 
silane (II) is selected from the group consisting of 1, 2 bis (triethoxysilyl) ethane 
(BTSE) and bis (methyl diethoxysilyl) ethane (BDMSE). 

38. Method as recited in claim 36 wherein said organofunctional silane (I) 
is vinyltrimethoxysilane (VS) and said non-organofunctional silane (II) is (BTSE). 

39. Method as recited in claim 36 wherein said contacting comprises 
coating said metal substrate with said non-organofunctional silane (II) and then 
providing a coating of said organofunctional silane (I) over said non- 
organofunctional silane (II) coating and wherein said step of placing comprises 
placing said rubber substrate along said coating formed by said organofunctional 
silane (I) so that said organofunctional silane can bond thereto. 

40. Method as recited in claim 39 wherein said non-organofunctional 
silane (II) is BTSE and wherein said organofunctional silane (I) is 
vinyltrimethoxysilane (VS). 
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41 . A method for adhesively bonding a metal surface to a rubber surface 

comprising 

1) forming a first layer of a non-organofunctional silane on said 
metal surface, said non-organofunctional silane having the formula 



R 4 - Si - (R 6 ) B - (X) n - 



R 7 



Si- R 9 



R 



i o 



- 1 p 



wherein m is 0 or 1 ; n is 0 or 1 ; and p is 0 or 1 ; with R4 selected from an aliphatic 
(saturated or unsaturated) group; aromatic group, or C r C 6 alkoxy; R 5 , R«, R 7 , R 8 , R9, 
and Rio may be the same or different and are chosen from C,-C 6 alkoxy, H, or 
acetoxy; X is alkylene, alkenylene, phenylene or amino; said non-organofunctional 
10 silane being at least partially hydrolyzed; 

2) providing a second layer of an organofunctional silane having 

the formula 

OR, 
I 

R-Si-OR, 



OR 3 

wherein R is a member selected from the group consisting of amino, C r C 6 
15 alkylamino, vinyl, ureido, ureido substituted C r C 6 alkyl, epoxy, epoxy substituted 
C r C 6 alkyl, mercapto, mercapto substituted C,-C 6 alkyl, cyanato, cyanato subsituted 
C,-C 6 alkyl, methacrylato, methacrylato substituted C,-C 6 alkyl, and vinyl benzyl 
moieties, and R b R 2 , and R 3 are independently selected from C r C 6 alkyl and acetoxy 
groups; said organofunctional silane being at least partially hydrolyzed; 
20 3) positioning said second layer between said first layer and said 

rubber surface and placing said substrates together with said first and second layers 
interposed between said metal surface and said rubber surface to adhesively bond 
them together. 
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42. A method as recited in claim 41 wherein said rubber surface is 
fluorosilicone rubber, said non-organofunctional silane being selected from the group 
consisting of 1, 2 bis (triethoxysilyl) ethane (BTSE) and bis (methyl diethoxysilyl) 
ethane (BDMSE) and wherein said organofunctional silane is a vinyltrialkoxysilane. 

43. A method as recited in claim 42 wherein said metal surface is chosen 
from the group consisting of stainless steel, mild steel, and aluminum surfaces. 

44. A method as recited in claim 43 wherein said non-organofunctional 
silane is BTSE and wherein said vinyltrialkoxysilane is vinyltrimethoxy silane. 

45. A method as recited in claim 44 wherein said BTSE is present in an 
aqueous/alcoholic solution maintained at a pH of about 1-7; said BTSE solution 
being applied to said metal surface to form said first layer. 

46. A method as recited in claim 45 wherein said vinyltrimethoxysilane 
solution is applied between said first layer and said rubber surface. 

47. A method as recited in claim 41 further comprising drying said first 
and second layers prior to placing said substrates together. 

48. A method as recited in claim 46 wherein said BTSE solution has a pH 
of about 4 and wherein said vinyltrimethoxysilane solution has a pH of about 4. 
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